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ABSTRACT
An experim ent w as perform ed a t the  Paul S cherre r Institut (PSI) 
to estab lish  th e  conditions for th e  m etastability  of th e  2 S -s ta te  of 
m uonic neon. T he m uonic atom s w ere  formed by stopping negative 
m uons in th e  neon-filled ta rg e t ch am b er of th e  PSI cyclotron trap .
A pair of intrinsic germ anium  d e tec to rs  w ere u sed  in co incidence  to 
sea rch  for th e  two photon decay  of th e  2S-state. Both energy  and 
tim e information from two photon e v en ts  w ere w ritten to  disk for 
off-line analysis. D ata w ere  accum ulated  for neon  p re s su re s  of 40 
and  400 Torr. T he  d a ta  w ere  then  sea rch ed  for ev idence  of two 
pho ton  tran sitio n s from th e  2 S -s ta te .
T he germ anium  detecto rs w ere sensitive to th e  K-, L- and  M- 
se rie s  x-ray pho tons (with en erg ies  betw een 10 and  300  keV) 
em itted during th e  c a sc a d e  of th e  m uonic neon ion. T he de tec to rs 
w ere a lso  used  a lone  to record single photon even ts  of the  K- an d  L- 
se rie s  x rays. T he o bserved  intensity ratios of th e  K -series x rays 
provided a  lower limit on the  initial population of th e  2S -s ta te .
For the  p ressu re  condition of 40 Torr of neon, th e  2S  population 
w as found to be 1.75%  ± .15% of the  total c ascad e . The num ber of 
ev en ts  a t 40 Torr th a t could be attributed to two pho tons d ecay s  of 
th e  2S -s ta te  w as found to  b e  30 ± 52  corresponding to a  2S 
population of 3.8%  ± 6.5%. At 400 Torr of neon th e  observed  num ber 
of 2S two photon d ecay s  w as 7 ± 41, placing an upper limit on th e  2S 
population a t 0.9%  ± 5.1%  of the  total c a sc ad e . T h ese  results, to  
within th e  experim en tal uncerta in ties, c an  neither estab lish  nor 
exclude th e  m etastability  of 2S  m uonic neon.
SEARCH FOR METASTABILITY OF 2S MUONIC NEON
CHAPTER 1
INTRODUCTION
T he production of m uonic atom s fully depleted  of atom ic 
e lectrons is e ssen tia l to studying such  fundam ental p h enom ena  a s  
quan tum  electrodynam ic energy  shifts, w eak  neu tra l cu rren t 
in terac tions, s tra n g e  quark  con ten t of nuclei, exo tic  in teractions 
and th e  m easu rem en t of th e  p seu d o sca la r coupling co n stan t in m uon 
cap tu re . T he 2S  s ta te  of th e  m uonic atom s is of specia l interest, 
since th e  m etastability  of the  2S  s ta te  ag a in st th e  E1 photon 
transition to th e  ground s ta te  might allow for th e  observation  of th e  
M1 photon transition. The observation and  m easu rem en t of the  
expected  asym m etry  of the  M1 photon with resp ec t to  th e  m uon spin 
would th en  provide evidence for the  p re sen c e  a t low q 2 of w eak 
neutral current interactions betw een had rons and  m uons, and  on th e  
possib le  s tra n g e  m atter con ten t of nuclei1.
However, before such  an  experim ent can  be undertaken  it is 
n e c e ssa ry  to know how to reliably form th e  2S s ta te , a s  well a s  how 
to  p re se rv e  m etastability  from m odes of deexitation o ther th an  th e  
radiative m odes. T he observation and timing of th e  2S  -> 1S two 
photon transition w a s  looked for a s  direct ev idence for th e  p re se n c e  
of th e  2 S sta te .
2
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W hile th e  em ission of two photons is the m ost probable radiative 
transition  from th e  2S  s ta te  to the  1S sta te , it is not th e  m ost 
p robab le  transition  overall if th e re  a re  e lectrons still p re se n t in th e  
m uonic atom . In th a t c a s e  other "faster" transitions su ch  a s  A uger2 
and  R uderm an transitions can dep lete  th e  2S s ta te  population. Such  
tran sitio n s a re  th e  m ajor o b stac le  to  both the  m etastability  of th e  
2S  s ta te  and  the  observation  of any of its purely radiative d ecay  
m odes. T he pu rpose  of this experim ent w as to se a rc h  for conditions 
under which the  depopulation of the  2 S  s ta te  by th e s e  "faster" 
tra n s itio n s  w as m inim al.
CHAPTER 2 
THEORY
A. MESIC ATOM FORMATION
W hen a  jj~ captured  in the  Coulomb field of a  nucleus replaces one  
of th e  bound atom ic electrons, a  muonic atom  is form ed in a  highly 
excited  s ta te . This cap tu re  is believed to  occur primarily when th e  
m uon h a s  a  kinetic energy  of 10-20 eV o r le s s2. W hile th e  initial 
distribution am ong s ta te s  a fte r cap tu re  is not fully understood  with 
re sp ec t to  th e  angu lar quantum  num ber SL o r initial principal quantum  
num ber n, it is generally  a ssu m e d  that cap tu re  occurs initially in a  
high Rydberg s ta te  of th e  atom  (n=14-30), with a  sta tistical 
distribution in j l .  In such  m uonic atom s th e  muon, with a  m ass 207 
tim es tha t of an  electron, sim ply has th e  properties of a  "super 
heavy” electron. Applying th e  Bohr model to such an a tom  one finds
r  = n 2/Zm* E = Z  2m */n2 (2.1)
, i.e., while th e  energy  is directly proportional to the  red u c ed  m ass 
m*, th e  orbital rad ius of th e  nth  s ta te  is inversely proportional to 
the  reduced  m ass.
T he m uon experiences only the  electrow eak interactions 
controlling atom ic p roperties. From  its initial high R ydberg  sta te
4
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th e  m uon rapidly d e-ex c ites  via a  se ries  of electrom agnetic  and  
A uger e lec tro n  tran sitions referred  to  collectively a s  th e  "cascad e" . 
In g as  ta rg e ts  such a s  th e  ones u sed  in this experim ent, the  c a sc a d e  
tim e to  th e  ground s ta te  d epends on g as  p ressu re  but is generally  of 
the  order of 1CH0 se co n d s  or less. B ecause  cap ture  and  c a sc a d e  
tim es a re  substan tia lly  sho rte r th an  th e  m uon 's lifetime of 2 .2x 10*6 
se co n d s , virtually all th e  m uons reach  th e  ground s ta te  in low Z 
a tom s. O nce  in the ground sta te  the  muon can decay  or be  abso rbed  
by th e  nuc leus (the absorption ra te  from the  1S s ta te  is of th e  order 
of 6 .5x10 2(Z4) per second).
B. THE CASCADE
if, a fte r the  initial capture, the  muon is a ssum ed  to be in an 
atom ic s ta te  with quantum  num bers (n jl), transitions to the  lower 
m uonic en erg y  s ta te s  p roceed  by m ean s of X-ray em issions, th e  
e jection  of Auger e lec tro n s or th e  "mixed" R uderm an transitions, the  
latter involving sim ultaneous em ission of an x-ray and  a  bound 
electron. T he selection rules for both the  radiative and the  A uger E1 
p ro c e sse s  a re  aSU±1 and  Am=0,±1, with the probability depending  on 
th e  cube  of the  transition energy AE^ for radiative p ro c e sse s  an d  on 
AE"1/3 for A uger e m iss io n s3. T he E1 Auger transitions (An=1) a re  
th e  dom inan t transitions am ong th e  higher excited  s ta te s  (n>5), 
w here  th e  energy  difference is sm all. However, the  radiative 
e lectric  d ipole transitions begin to dom inate at lower n in th e  
c a sc a d e , w h ere  the transition energy is increased . T h ese  E1 
tran sitions ((n,ft)->(n',&-1 )) rapidly bring the  m uon into th e  "circular"
6
s ta te s  (s ta te s  in which (£=n-1) for a  given n). This is in con trast to 
the  A uger E1 transitions, which tend  to  populate  th e  suborb itals(J) 
equally  for m uonic s ta te s  with n>5.
The depletion of th e  electron cloud surrounding an atom  is 
im portant, s ince  th e  p re se n c e  of e lec trons affects th e  m uonic 
population of th e  "non-circular” s ta te s  (JL^n-1), of which th e  2S  is an  
exam ple. T he p re se n c e  of an  electron allows for the  possibility of a  
2S -+ 2P  A uger transition , which provides th e  g re a te s t com petition 
for th e  2S->1S tw o-photon transition th a t is to be  observed .
T he u se  of a  g a s  ta rge t allows for som e control of th e  electron 
density  surrounding a  m uonic atom. By lowering the  p ressu re  of the  
ta rg e t g a s  th e  collision ra te  of th e  m uonic atom  with its neighbors 
is low ered, th u s  slowing th e  rate of th e  com peting external A uger 
de-excitation of th e  2 S s ta te . A nalysis of the  relative yields of th e  
x-rays em itted during th e  c a sc a d e  a s  a  function of g a s  p ressu re  
provides information on th e  p resen ce  of e lectrons during th e  
c a sc a d e 4 . It is expected  tha t only 3% to 5%  of th e  m uons captured 
will c a sc a d e  down into th e  2S  s ta te 4.
7initial distribution
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Fig. 2-1 The C ascades
8C. THE MUONIC 2S STATE
T he pu rpose  of th is experim ent w a s  to  estab lish  th e  rates and  
conditions under which o n e  could reliably form m uonic atom s in th e  
2S  s ta te . It h as  b een  pointed out th a t th e  m ost convenien t m ea n s  to 
de tec t th e  p resen ce  of 2S  muonic a to m s would be th e  observation of 
the  tw o-photon E1 de-excitation to  th e  ground s ta te 6. For nuclei 
with Z>5 th e  next th ree  muonic s ta te s  above  the  g round  s ta te  a re  the 
2 Pi/2, 2 P 3/2 and  th e  2 S 1/2 s ta te s . This ordering in energy  is a  resu lt 
of th e  finite nuclear s ize  effect, which ra ises  the  e n e rg y  ( i.e. 
red u c es  binding) of th e  2 S 1/2 s ta te , bu t h as  little e ffec t on th e  2P  
s ta te s . With this a rran g em en t of en e rg y  levels th e  2 S 1/2 s ta te  h a s  
th ree  principal m odes of e lectrom agnetic  decay.
1 )2 S 1/2 Ml> 1Si/2 +1y (2.1)
2) 2 S1/2 2E1> 1S1/2 + 2y (2.2)
3) 2S 1/2 2P i/2 <2P3/2)+1y (2.3)
92S1/2
2P3/2
2P1/2EO
M12E1AUGER
AUGER E1
1S1/2
Fig. 2-2 Energy level diagram  for Z>5 10
T he transition ra te s  for th e s e  decay  m o d es in hydrogenic muonic 
ions have been  calculated by severa l au tho rs7-8 and a re  given below.
1) R 2S 1/2 -> IS 1/2 + iy  s 5x10*4 Z 10 s e c -1 (2.4)
^  ^ 2S1/2 -> 1S1/2 + 2y c 1.7x103 Z6 se c -1 (2.5)
While there  is no genera! exp ression  for th e  decay  rate  2S i/2->2 P
s ta te s  a s  a  function of Z, Feinberg and C hen7 calculate th e  rate to be 
substan tia lly  fa s te r  th an  tha t for transitions to  th e  I S 1/2. T he 
estim ated  branching ratio is ex p ec ted  to d e c re a se  slowly with Z, and  
is given by
R2s->1S+1y/ R2s->2P1/2+1y — 1 0 '2 (2.6)
for a to m s with Z>17. R adiative e lectrom agnetic  transitions a re  not 
th e  only m ode of 2S  decay; th e re  a re  also  th ree  possible internal
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A uger transitions: 2 S 1/2-> 2P 1/2 , 2 S i/2->2P3/2 an d  2 S 1/2-> 1S 1/2 , if 
th ere  a re  electrons p resen t. T he first two of th e s e  a re  E1 A uger 
transitions, while th e  third is an  M1, or possibly an  E0 m onopole 
transition if the  initial an d  final s ta te s  have the s a m e  spin9. For 
atom s w here  the  2S  s ta te  lies ab o v e  th e  2P s ta te s  in energy, th e  E 1 
A uger transitions ra te s  have  b e en  estim ated  using  the  internal 
conversion  coefficients for E1 n u c lea r transitions of equal e n e rg y 9.
R(2S1/2 ->2P1/2i 2P3/2) * 1012 sec-1 (2 .7)
T he reasoning  behind this approxim ation is th a t th e  Auger ra te s  
depend  on th e  overlap betw een th e  m uon and electron  wave 
functions. C onsidering how closely bound the m uon is to the 
nucleus, its w ave function appreciably  overlaps only th o se  of th e  K 
and L shell electrons. Therefore, if th e re  a re  no K an d  L shell 
e lectrons p resen t in th e  m uonic atom , th e se  E1 a u g e r  transitions 
canno t contribute to th e  depopulation of th e  2S s ta te . There should  
also  b e  no neighboring atom s so  c lo se  a s  to provide the  possibility 
of an  ex te rnal A uger transition; th a t is, the  e jection  of a  electron  
from a  neighboring atom . This leav es  only the EO 2S->1S Auger ra te  
to be  considered . T he transition ra te  for such  a  d e c a y  has been  
estim ated  by two a u th o rs4-1°-11 an d  is expected  to  vary slightly with 
Z s e e  fig. 2-3.
R (2Si/2 ->1S1/2) » 3x109 sec-1 (2 .8 )
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Fig. 2-3 Transition Rates
T he final radiative transitions to be  taken  into account a re  the 
R uderm an or "mixed'' transitions. If the atom  is not com pletely 
stripped of e lectrons by th e  time th e  muon re a c h e s  the  2S  s ta te  the  
atom ic s ta te s  can  no longer be  described  by a  simple m uonic wave 
functions but by electron-m uon w ave functions of the form
!p"2S i/2 > | e - n,£> (2.9)
This s ta te  can  b e  m ixed by the  Coulomb interaction with th e  
|p2 P 3/2> |e “ n',SL’> electron-m uon w ave function w here th e  s ta te s  
|e- n \£ '>  and  |e- n,2> a re  of opposite  parity. This mixing of s ta te s  of 
opposite  parity allow s for a  radiative E1 transition to th e  |p1S i/2>
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|e - n \!L '>  s ta te , with th e  photon carrying aw ay th e  majority of the  
energy  an d  th e  e lectron  getting a  sm all fraction. The transition 
ra te s  betw een  such "mixed" s ta te s  have been  estim ated  by 
R uderm an12 to  be on th e  order of 107 to 109 s e e -1 for a  nuclear 
charge  of 2 < Z < 6 . T he transitions can  be significant in c a se s  
w here the 2S  and  2P  s ta te  energy  difference is of the  o rder of the  
electron 's binding energy . For nuclear charges m uch larger th an  Z=6 
th e  finite nu c lear s ize  effect in c re a s e s  th e  2 S -2 P  en erg y  difference 
beyond th a t of the  e lec tron 's  binding energy, thereby  reducing th e  
ra te  for su c h  "mixed" transitions. T able  2-1 exhibits ra te s  for 
various 2S  s ta te  p ro c e ss e s  in m uonic neon.
Table2-1 Transitions rates for the 2S and 2P states in muonic neon(Z=l01
2S -> 1S + 1y (M1) 5 x 106
2S -> 1S + 2y (E1) 2 x 109
2S -> 2P + 1y (E1) 1 x 109
2P -> 1S + 1y (E1) 1 x 1015
2S -> 1S + e (EO) 3 x 109
2S -> 1S + e (E1) 1 x 1012
2S -> 1S + e (rearr.) 107 - 1 0 9
D. POPULATION OF THE 2S-STATE
In order to a s s e s s  the  fraction of stopped  m uons that form a  2S 
m e ta s ta b le  m uonic neon  ion, it is n e c e ssa ry  to dete rm ine  th e  initial 
2 S -s ta te  population resulting from the  ca sc ad e . This population can 
b e  es tab lish ed  experim entally  by m easuring  the  yields of th e  K- 
se r ie s  m uonic x-rays, excluding th e  Ka  ( np->1S; n >2 ).
C onsider the  following expression  for th e  num ber of m uons that 
e n te r  th e  1S-ground  s ta te  without p assin g  through th e  2 S -s ta te :
N is = Nstopped-n £ Y (np->1S) + A is J. (2 .10)
n&2
Y (np->1S) rep re se n ts  the  relative intensity of the  Lyman se r ie s  
tran s itio n s  and  A is  the  sum  of the  relative in tensities of all 
nonradiative transitions (Auger, R uderm an) that p lace  a  m uon in the  
1S  s ta te . A sim ilar expression  can be written for the  num ber of 
m uons th a t en te r the  2 S -s ta te
N2s = Nstopped-n [ Y (np->2S) + A2S ]• ( 2.11)
nz3
H ere  Y (np-*2S ) re p re se n ts  the  relative intensity of the  B alm er 
s e r ie s  tran s itio n s an d  A2S th e  sum  of th e  relative in tensities of all 
nonrad ia tive  tran sitions tha t end  with th e  m uon in the  2 S -s ta te .
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The ratio of th e  Balm er se r ie s  transition probabilities to th e  Lyman 
se rie s  transition probabilities can  b e  found in a  num ber of 
pub lications13. ^  and  is
Fn(Bn/Ln) = 8 ■ [ n-2/n-1]2n-3 . [n+l/n+2] 2n+3, (2.12)
This ratio is calculated  a n d  given in T able 2-2 for severa l se lec ted  
principal quan tum  num bers (n) for n£3. From tab le  2-2 it is c lear 
th a t the  va lue  of Fn is nearly  co n stan t for all quan tum  num bers.
Table 2-2
F3 F4 F5 F6 F7
0.1342 0.1418 0.1439 0.1448 0.1453
With th is information w e can  now rewrite equation  2.11 in term s 
of the  Lyman se rie s  in tensities u sed  to  determ ine the  o bserved  1S- 
s ta te  popu la tion
N2s = Nstopped-n [ X  P"' Y(np-*1S) + A 2S ]• (2.13)
n^3
T hus th e  relative population of th e  2S -s ta te ,
S2S = N2s /(N is + N 2s) (2.14)
can  be  ex p re ssed  a s
£ 2 S = [ X Fn’ Y(np—1S) + A2S ]•*■[^ (1+Frn)‘Y(np-> 1S) + A2s+  A is].
ni3 m2
A several experim ents have  m easu red  the p ressu re  dep en d en t
yield of various x-ray transitions in m uonic noble g a s e s 11-15. This
body of ev idence  su g g e s ts  tha t below half an  a tm osphere  a  m uonic
noble g a s  ion is dep le ted  of all e lectrons by the  tim e th e  muon h as
c a sc a d e d  to th e  n=7 sta te , and  in th e  c a se  of m uonic neon  that th e re
is no electron refilling during th e  200  p se c  of th e  2 S lifetime. With
th e  m uonic ion iso lated  from electron  tran sfe r and  no atom ic
e lec tro n s p resen t, th e  A uger tran sitions ra te s  a re  forbidden, 
A2s = A is -0 , an d  £ 2s  can  b e  re la ted  to th e  relative intensities of the
K -series x -rays.
£ a s =  [ £ f „ -  Y ( n p - 1S) ] + [£ (1 + F „)-Y (n p -.1 S )]. (2.16)
n&3 m2
E. TWO PHOTON TRANSITIONS
C onsider th e  2 S i/2->1Si/2 transition in a  hydrogenic atom . To 
first o rd e r th e  only allow ed e lec trom agne tic  transition  betw een  
th e se  s ta te s  is a n  M1 m agnetic dipole transition. This is a  resu lt of
th e  W igner-Eckart theo rem  and  reflection sym m etry (parity) 
p roperties of both th e  s ta te s  and  th e  interaction. B ecau se  the  
orbital quantum  num bers of both s ta te s  a re  zero , the  transition 
resu lts only from th e  spin m agnetic  m om ents, MS) acting on th e  spin 
d e g re e s  of freedom . In the  non relativistic approxim ation the  spin
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and  orbital com ponen ts of th e  w ave functions se p a ra te  (the sca la r 
product of th e  orbital com ponen ts is zero), and  even  th e  M1 is not 
allow ed. Only w hen  one  co n sid e rs  th e  relativistic co rrections to th e  
w ave function is th e  sp o n tan eo u s  em ission of an M1 photon allowed.
T he seco n d  order interaction that d esc rib es  the  two-photon (2E1) 
p ro c e ss  w as first derived by G oppert-M eyer in 1931. S ince  that time 
m ore advanced  m athem atical m ethods have been  applied to the 
problem  of sum m ing  over th e  in term ediate  virtual a tom ic s ta te s  
th rough  which th e  em ission ta k e s  place. Currently th e  m ost 
a c c u ra te  calcu lations for two photon em ission  a re  th o se  of 
K larsfeld(1969)8, Zon and R aoport(1968)16 and  D rake(1986)17.
If one u se s  th e  two-photon decay  ra te  and  expression  given by 
D rake for e lectron ic  atom s, th e n  simply substitu ting th e  m ass  of th e  
m uon for the  m a s s  of the  electron  gives the  rate of th e  2E1 p ro cess  
for th e  muonic a tom  ( * 2*109 s e c -1 for m uonic neon ). T he single 
photon energy spectrum  from th e  tw o-photon d ecay  of th e  2S -s ta te  
is show n in Fig. 2-4, with th e  angu lar correlation b e tw een  the  two 
em itted  photons described  by equation 2.17.
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W(6) = Const • (1+ C os20) (2.17)
While the  2E1 is not th e  only two photon p ro cess  th a t contributes 
to the  d e ca y  of the  2S -sta te , o ther possible transitions a re  
su p p re sse d . T able 2-3  lists th e  contributions of o ther m ultipoles 
to the  total two-photon decay  rate.
Table 2-3
Two Photon Transition Rate For Muonic Neon 
Multipole In term ediate  s ta te  C ontribution  (se c -1)
2E1 Pl/2, P3/2 2-109
E1-M1 p3/2 525
2M1 s-i/2, d3/2 28
2E2 d3/2,d5/2 10
2M2 p3/2 8.2-10-6
E2-M1 d3/2 3.3-10-7
1 8
T he yield of th e  2 E 1 channel from the  2S -sta te  of m uonic neon  can  
be e x p re ssed
N2v = £2S- r*2y / (r2y + Tei + Tm1 + TAuger E1+ TAuger EO + TRearr e- )■ (2.18)
The ra te s  for th e s e  transitions have b een  given in tab le  2-1. If th e  
m uonic neon  ion is fully stripped of e lectrons by the  tim e th e  m uon 
reach es th e  2 S -sta te  then  th e  TAuger ei, TAuger eo an d  rRearr e- 
transitions a re  allowed only if th e  m uonic ion picks up an  electron 
during a  collision with a  neighboring atom . T he c ro ss  section  for 
electron transfer h as  b een  m easu red 18 for the  c a se  of Ne+1° + Ne and  
is found to be
T hus for m uonic a tom s with therm al velocities11 of v «105 cm /sec  
the  electron  refilling rate, r Ref, can  be  calcu lated  and  substitu ted  for 
the  A uger an d  rea rrangem en t transition ra te s  in equation  2.18
Equation 2 .20  com bined with the  ideal g a s  law (PV = nRT) gives
(JT = 2.8  TO'15 cm 2. (2.19)
r Ref= n a T- v. (2 .20)
r Ref =  V (JT/ ( R  T) «1018-P (2 .21)
w here P, th e  p ressu re , is m easured  in a tm ospheres . Now expression
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N2y “ 62s' T2y / O^y + Tei + Tmi + r Ref). (2 .22)
Substituting in th e  ra te s  from Table 2-1 and  equation 2.21  one g e ts
N2y = S2S- 2-109/( 2-109 +1010- P). (2.23)
At p re s su re s  of 40 and 400 Torr equation 2.23 ev a lu a tes  to  N2V =.8 £ 2s
and  N2y =.3 £ 2s  respectively.
CHAPTER 3 
DESCRIPTION OF THE EXPERIMENT
A. THE FACILITIES
This experim ent w as conducted  using the 7rE5  beam  line of the  
ring cyclotron a t th e  Paul S ch e rre r Institute in Villigen,
Sw itzerland. The jtE5 beam  line w as chosen  for this experim ent 
b e ca u se  it yields a  copious num ber of low energy  m uons with a  beam  
m om entum  of 30 MeV/c.
T he ring cyclotron a t the  Paul S cherrer Institute g en era ted  a  50 
MHz pu lsed  proton beam  a t an  operating current of approxim ately 
500 pA. This beam  w as then  delivered to a  carbon target. T he 
p ro ton-carbon collisions which took p lace  in th e  target p roduced  
pions which w ere th en  d irected  down drift tu b es , w here so m e  
d ecay ed  in flight. T he negative m uons from this decay  w e re  focused 
and  guided by a  beam  line ( of which 7rE5 w as one) to the  
experim ental bay, w here  th e  cyclotron trap  and  a  beam  se p a ra to r  
w ere flanged to th e  end  of th e  beam  line. The beam  se p a ra to r  w as 
u sed  to  c lean  the  beam  of the  m any electrons p resen t. T h is w as 
n e c e ssa ry  b e c a u se  th e  ttES beam  line yields approxim ately  103-104 
e lectrons p e r muon.
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B. THF CYCLOTRON TRAP
T he cyclotron trap  is a  low field-index, superconducting , 
azim uthally, sym m etric "cyclotron" opera ting  in a n  inverse  role: 
after radial injection into the  perim eter of th e  confining field, a  ji- 
is d e c e le ra te d  in num erous revolutions via collisions with the 
m olecules of th e  m oderator g a s , and  th en  a t the  c en te r of th e  trap  it 
is c ap tu red  into atom ic orb itals19. T he ability of th e  cyclotron trap  
to stop  m uons in a  sm all volume of low p ressu re  g a s  (down to  a  few 
ten s  of m bar) m akes th e  p resen t experim ent feasib le . It is 
n e c e ssa ry  to work at su ch  low p re ssu re s  in order to  prevent the  
refilling of th e  electron  shell during th e  lifetime of th e  2S  s ta te  
th rough  collisions with th e  g a s .
It w as realized by L. S im ons29 tha t th e  w eak focusing property 
of a  cyclotron field could be  u sed  in conjunction with a  low p ressu re  
g a s  m odera to r to  d e ce le ra te  ch arg ed  particles an d  bring them  to res t 
in a  localized stop  distribution. Such a  sm all s to p  distribution 
allev iated  a  m ajor o b stac le  in conducting experim en ts with m uonic 
a tom s. Previous to  th e  developm ent of th e  trap th e  physical 
d im ensions of a  m uon stopping distribution in a  low p ressu re  g as  
w as typically m uch larger than  th e  solid angle a c c e p ta n c e  de tec to rs  
u sed  to  observe  the  c rea ted  m uonic atom . B ecause  of its finite 
m om entum  sp read , a  m uon beam  stopped  in a  low p ressu re  g a s  would 
have a  stop  distribution with physical d im ensions m easu red  in cubic 
m eters , while a  typical de tec to r is only on  th e  o rder of a  few  sq u a re  
cen tim eters in a re a . T he resulting sm all solid ang le  of th e  de tec to r
2 2
with re sp ec t to th e  m uonic a tom s led to  an  event rate  so  low tha t 
m any  experim ents w ere  unfeasib le.
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T he cyclotron field is m aintained by a  pair of superconducting 
coifs each  p laced in a  pole face  m ade of galvanized soft iron. Each 
pole face  is 315 mm in radius and is sep a ra ted  from th e  other by 
150 mm to form a  circular dipole m agnet. The superconducting  coils 
a re  su rrounded  by a  reservoir of liquid helium which is in turn
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su rrounded  by a  radiation shield cooled by liquid nitrogen. The 
return yoke connecting  the  pole fac es  is constructed  of soft iron 
pillars d esig n ed  to sa tu ra te  at the  operating  field s tren g th  of 0.8  
T e s la .
A ccess to  the  m uon stopping region of the  trap  is limited by both 
th e  iron pillars and  th e  pole fac es  them selves. D etector a c c e s s  to 
th e  stopping  region is provided by two 100  mm d iam eter bo re  holes 
through the  cen ter of each  pole face. T h ese  bore ho les a re  305 mm 
long and  perpend icu lar to th e  vertical ax is of th e  trap . Collinear 
with th e  bo re  ho les is th e  cen ter cylindrical g a s  cham ber, which 
fills th e  150 mm gap betw een the pole faces . T he g a s  cham ber is 
m ad e  of s ta in less  s tee l and  aluminum. T he incoming beam  of m uons 
is in troduced into th e  g a s  cham ber through a  50pm  thick mylar 
w indow on its circum ference; this window se p a ra te s  th e  g a s  
ch am b er from the  iron shield  that form s th e  en tran ce  channel. The 
"en trance  channel" gu ides the  incoming m uon beam  from th e  beam  
pipe into th e  trap  by supp ressing  the  m agnetic  field of th e  trap  until 
the  m uon beam  rea ch e s  the  injection radius of 12 cm. The en trance  
channel is se p a ra te d  from th e  beam  pipe by ano ther window opposite 
th e  g a s  cham ber window, which is m ade of Mylar and  can w ithstand 
a  o n e  a tm osphere  p ressu re  differential. T here  a re  a  num ber of other 
w indow s around  the circum ference of the  g a s  c h am b er a s  well, 
providing a c c e s s  for th e  vacuum  and g as  handling sy s tem s of the  
experim en t a s  well a s  to th e  T3 scintillator. T he T 3 scintillator is a  
beam  counter which sits  just beyond the  en trance  channel and  is 
u sed  to  signal the  d a ta  acquisition system  tha t a  m uon h a s  en te red  
th e  trap .
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The entire trap sits on hydraulic lifts, which a re  u se d  to 
position th e  trap  with re sp ec t to the beam  pipe. T h ese  lifts allow 
th e  tra p 's  attitude to be ad justed  to with in a  fraction of a  
millimeter, and  a re  u sed  in optimizing th e  num ber of m uons in jected 
into th e  trap .
C. THE CYCLOTRON FIELD
It is well known that a  charged  particle moving in th e  p re sen c e  . 
of a  m agnetic  field experiences th e  Lorentz force
F  i = evB (3 .1 )
c
In th e  p re s e n c e  of the  cylindrically sym m etric field of th e  cyclotron 
trap , th e  Lorentz forces resu lts in the  ch arg ed  particle 's moving in a  
circular orbit, with th e  equation  of motion given by:
m v 2 = evB (3 .2 )
r c
From this expression  one  can  define th e  angular frequency  or 
cyclotron frequency  w:
v = eB = co 
r me
(3.3)
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T he cyclotron frequency  is approxim ately co n stan t for a  typical 
cyclotron. This is a  result of th e  fact th a t th e  cyclotron 's field, B, is 
a  sim ple dipole field, which falls off slowly with increasing  rad ius 
a s  one  ap p ro ach es  th e  ed g e  of th e  m agnet. This drop in field 
strength  is on th e  o rder of a  few  percen t and is ultimately 
resp o n sib le  for th e  stability of orbits in th e  cyclotron.
T he question  of orbital stability is a  major a sp e c t in the  design  
of an accelera to r, or, in this c a se , a  decelerator. Practically none 
of th e  m uons a re  in jected into th e  trap  accura te ly  enough  to  travel 
their entire path  length unguided. T he solution to th is problem  is to 
sh a p e  th e  field of th e  cyclotron in su ch  aw ay a s  to provide 
corrective  s teerin g  fo rces for partic les th a t d ev ia te  from th e  
d esired  or "equilibrium" orbit. In a  cyclotron th e re  a re  two 
directions in which th e  particle can  d ev ia te  from its equilibrium 
orbit: the  radial direction and  th e  axial(dipo!e axis) direction, ft is 
in th e s e  two d irections tha t stability m ust be  m ain tained .
It can  be  show n21 that in a  cyclotron th e  deviations from the  
c losed  equilibrium path  in e ither th e  radial or axial direction can  be 
approxim ated  by the  equations of sim ple harm onic motion. T h ese  
equations a re  known a s  th e  K erst-Serber equations for th e  perturbed  
axial and  radial motion and a re  of th e  form:
M  d_ty + K 2y  = 0 ,  (3.4)
d t2
w here y is th e  deviation and  K2 is th e  restoring force p e r unit 
d isp lacem en t. T he  K erst-Serber equation  for th e  pertu rbed  axial 
motion of th e  cyclotron is given by
d_2z _  + to 2 n z  = 0 
d t 2
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(3.5)
w here z- 0  is th e  m id-plane of th e  field w here th e  equilibrium orbit
lies and  th e re  is no radial com ponent of th e  field, an d  n is th e  field
index, defined a s
n =  -dB r_ (3.6)
dr B
For the  c a s e  of n > 0 th e  solutions to th e  axial motion a re  sinusoidal, 
the  beam  oscillates abou t z=0, th e  m id-plane. T he equation  for the  
radial pertu rbed  motion is of th e  form
d J z  + & 2 (  1 - n )  x =o (3.7)
d t 2
w here  x is th e  radial deviation from th e  equilibrium orbit which is 
circular. As in th e  axial c a se , th is equation  supports sinusoidal 
solutions but for th e  condition n < 1 . Thus, for th e  beam  to be  stab le  
a b o u t th e  equilibrium orbit in both the radial and axial d irections we 
require 0 < n £ 1 . For such  values of n th e  beam  oscillates abou t the  
equilibrium orbit in w hat a re  referred  to  a s  the  beta tron  
o s c i l la t io n s .
T h ese  beta tron  oscillations determ ine th e  size of th e  stop  
distribution in th e  cen te r of th e  trap . Detailed analy sis  of the  
oscillations w a s  perform ed by L. S im ons2^. He show ed  tha t the  
radial ex tension  of th e  stop  distribution w a s  just th e  width of th e  
initial beam , while the  axial width could b e  expected  to  be  a  factor 
of two g rea te r  th an  the  axial width of th e  initial beam . However, 
th e  beta tron  oscillations m ust b e  excited in such  a  fash ion  th a t the
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beam  p a s s e s  only once through the  plastic foil m oderator. The 
m oderator is u se d  to d e c rea se  the  beam  m om entum  down to the 
a c c e p ta n c e  m om entum  of the  "first1' equilibrium orbit. If th e  beam  
w ere to p a s s  through th e  m oderator m ore than on ce  this would lead 
to non-circular orbits and  in c rease  th e  s ize  of th e  muon stop  
distribution. In order to avoid this, the  beam  m ust be injected a t a  
slight angle of 110 m Rad to th e  m id-plane of the  trap. Unfortunately 
th is injection sc h em e  lead s to  a  slight increase  in the  width of the  
stop  distribution. The beam  m om entum  is deg raded  further due to 
collisions with th e  g a s  tha t fills the  ta rg e t cham ber. It is th is 
gradually  loss of energy  in the  target g a s  com bined with the  w eak 
focusing of th e  m agnet th a t guides the  beam  through a  se r ie s  of 
equilibrium orbits tha t lead to the  cen te r of the  trap .
D. THE VACUUM SYSTEM
The cen ter of the  cyclotron w as evacuated  using two staged  
pum ps: a  roughing pum p and a  turbo-m olecular pum p, both a ttached  
to th e  target cham ber through a  large diam eter tube. The turbo pump 
could be  isolated  from the  targe t cham ber and  roughing pum p by 
m ea n s  of two se p a ra te  valves (see  diagram ). Located betw een  the  
ta rg e t cham ber and turbo pump w as a  vacuum  g au g e  accu ra te  to 10-9 
Torr, a  vent valve and a  lead-in from the g as  handling system . The 
g a s  of in terest w as in troduced into th e  ta rg e t cham ber th rough  th is 
lead-in, which w as equipped with a  p ressu re  gau g e  and need le  valve.
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E. DETECTORS
Two identical detectors, denoted  W&M and  P&S, w ere  used  during 
this experim ent. Both of the  d e tec to rs  w ere  p lanar high purity or 
intrinsic germ anium  de tec to rs, and  w ere  u sed  to  o b se rv e  th e  x-ray 
transitions of th e  targe t g a s . The W&M detec to r had  an  active region 
2000 mm2 by 13mm thick (corresponding to a  p eak  efficiency a t «
50 kev) which w as connec ted  to a  resistive feedback  pream plifier to 
give an  energy  resolution of 640 eV a t 122 keV. P&S is identical to 
W&M but with a  energy  resolution of 610 eV a t 122 keV.
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E ach de tec to r w as fitted with a  plastic s leev e  th a t allowed it to 
be  inserted  into the  bore ho les of th e  trap  to  form a  vacuum  tight 
sea l. T he  de tec to rs  w ere m ounted from opposite  s id e s  of th e  trap  so  
a s  to  face  e ac h  o ther a c ro ss  th e  ta rg e t cham ber of th e  trap . In order 
to  optim ize th e  signal to no ise  ratio, and  keep  th e  pileup rate  to  a  
minimum, it w a s  n e ce ssa ry  to  limit e a c h  d e tec to r 's  view to  th e  
m uon s to p  region ra ther th an  th e  w hole interior of th e  trap . This 
w as  accom plished  with th e  u se  of b ra s s  collimators, and  by 
adjusting th e  d is tan ce  betw een  the  d e tec to r and  the  cen te r of th e  
trap . T he  collimation is form ed by tw o b ra ss  rings, e a c h  18mm 
thick with a  50m m  hole in th e  cen ter, which a re  p laced  in front of 
th e  detecto rs, s e e  Fig. App-1. T he optimal d istance  betw een 
d e tec to r an d  trap  cen te r w as determ ined  experim entally  during th e  
tuning of th e  trap .
F. TRAP TUNING
Before attem pting to collect d a ta  the  trap  w as first tuned  to 
m axim ize th e  num ber of m uons s topped  in the  cen te r of the  trap.
T he tuning p ro cess  consisted  of filling th e  g as  ch am b er with N2 to a  
p re ssu re  th a t would provide th e  stopping  pow er equivalent to th a t of 
th e  ta rg e t g a s  a t th e  p ressu re  to be  u sed  in the  actual experim ent. 
Nitrogen w as th e  g a s  of choice for th is procedure  b e c a u se  it had 
b een  u sed  for tuning pu rposes in previous runs and  so  offered a  
s tan d ard  by which to judge  th e  stopping  distribution.
T he W&M detecto r w as inserted  into the  bore holes a t a  d istance 
of 80m m  from the  cen ter of th e  trap. T he m uon beam  w as then
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injected into the  trap  and  pN x-ray ra te s  w ere m easu red . The trap  
w as th en  ad ju sted  vertically and  horizontally, an d  c h a n g e s  w ere  a lso  
m ade  to  th e  beam  m om entum  sp read , angle of injection and  de tec to r 
position a s  well. All of th is w as do n e  with th e  intention of 
m axim izing the  pN x-ray ra te  and thereby  the  count ra te  for all 
su b s e q u e n t experim en ts.
T he m uon beam  injected into the  trap is actually an electron 
b eam  with a  few  m uons- th e  e"/n" ratio is 103 -104 (P . H auser, 
private com m unication.) B ecau se  of this fact, a  c ro sse d  electric 
m agnetic  field se p a ra to r is p laced  betw een  th e  trap  and th e  beam  
pipe to  clean  th e  beam  of electrons. While m ost of the  e lectrons can 
be  rem oved  by the  sep ara to r and by u se  of an RF gate, th e re  a re  still 
a  large num ber of e lectrons entering th e  trap  com pared  to m uons. 
T h ese  e lec trons, along with off-axis m uons, g e n e ra te  a  background 
signal with a  ra te  large enough to overw helm  th e  p ream p s of th e  
d e tec to rs . This is rem edied  by further collimation of th e  beam ; th e  
unw anted  portion of the  beam  is s topped  by alum inum  baffles tha t 
cover th e  section of the  trap 's  en tran ce  channel w here  th e  unw anted 
b eam  orig inates. Ideally, th is leaves only the  m uons th a t p roduce  a  
uniform stopping  distribution in the  tra p 's  cen ter. The typical 
sing les counting ra te  for each  detector w as on th e  order of 103 pN 
x -ray s  s e c 1.
G. ELECTRONIC LOGIC AND DATA ACQUISITION
To en su re  th e  proper timing of each  event, th e  output signals 
from th e  d e tec to rs  and  th e  T3 scintillator w ere  sh a p e d  by a  se rie s  of
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fast e lectronic m odules before being recorded  by the  com puter. A 
total of four different s igna ls  w ere  u sed  to "define" th e  coincident 
ev en ts  reco rded  by the  d a ta  acquisition system .
T he time betw een a  muon passing  through the T3 sc in tilla to r 
and  th e  detection  of a  m uonic x-ray in the  germ anium  d e tec to rs  w as 
m easu red  using th e  logic show n in figure 3-3. T he signal from T3 
p a s s e d  through a  constan t fraction discrim inator (CFD) and  then  into 
a  ga te  an d  delay genera to r to  c rea te  the  T3 g a te  and th e  T3 delay. A 
g a te  w as  also g en era ted  from the 50 MHz RF signal of th e  cyclotron. 
T he RF g a te  d iscrim inated betw een the  arrival of e lectrons and 
m uons a t the  trap . This discrim ination is possib le  b e c a u se  the  
heavier m uon h a s  a  lower velocity than  tha t of an  electron for a 
given m om entum , causing the  m uons to arrive betw een  th e  50 MHz 
electron pu lses. T he RF g a te  in coincidence with a  T3 g a te  form ed 
th e  T3*RF signal, indicating the  p re sen c e  of a  m uon in the  trap. It is 
a lso  th e  T3*RF signal that is u sed  in co incidence with de tec to r 
timing signa ls  to identify only th o se  even ts  which co rrespond  to  
m uonic x-rays.
T he timing signals for each  detector w ere obtained  by passing  
th e  d e tec to r ou tpu ts through a  timing filter amplifier (TFA) and  CFD, 
an d  then  delayed by approxim ately 200  n sec  to  en su re  that they  
would b e  later than  the sta rt of the  T3*RF gate . T he tim e a t which a  
de tec to r event w as. coincident with the  T3*RF g a te  w as m easu red  in 
a  tim e to  am plitude converter (TAC) relative to the  end  of th e  T3 
g a te , which w as 3 n se c  wide. The coincident T3*RF*P&S(W &M ) 
signal w as then  fed  to a  g a te  generato r w hose TTL output pulse  w as 
stre tch ed  for the  pu rpose  of defining a  ga te  for th e  energy  signal
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from e a c h  detecto r. T he T3*RF*P&S(W&M) signal a lso  functioned a s  
the  end  m arker for the  m ulti-channel analyzer (MCA) th a t w as u sed  
during th is  experim ent.
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Fig. 3-3 TAC Timing Diagram
A quad  input 13 bit ADC (Ortec 413A) w as used  to digitize th e  
TAC and  energy  information for each  detector. The ADC accep ts  five 
se p a ra te  g a te s , four of which a re  specific to  th e  individual inputs 
while th e  fifth g a te  is a  m aste r g a te  which can  "allow" or "inhibit" 
conversion of all four inputs. This m aste r g a te  w as u se d  to "allow" 
digitization of only th o se  ev en ts  coincident be tw een  th e  two 
d e te c to r s .
Table 3-1
input signal frominputs
1
2
3
4
P&S TAC 
P&S energy 
W&M TAC 
W&M energy
gate signal from 
SCA output from TAC(P&S) 
coin, . T3*RF*P&S 
SCA output from TAC(W&M) 
coin.T3'RF‘W&M
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T he logic of the  m aste r g a te  follows. B ecause  of th e  high 
counting ra te s  an d  large baseline  noise in the  d e tec to r signals, th e  
b e s t timing be tw een  th e  de tec to rs  ou tpu ts w as ab o u t 150 n se c  
FWHM. In o rder not to  lo se  any true  coincident even ts  d u e  to this 
"loose" timing a  "wide" co incidence w as s e t  up be tw een  th e  
de tec to rs. T h e  T3*RF*W&M and T3*RF*P&S signals w ere  fed into 
g a te  s tre tc h e rs  to  c re a te  two g a te s  approxim ately 500  n se c  in 
width. T h ese  500  n sec  g a te s  w ere then  se n t to a  AND/OR logic g a te  
w hose  output, in co incidence with th e  10 p se c  wide T3*RF ga te , w as 
se n t to a  de lay  and  g a te  s tre tcher and  w idened to  ip s e c  for th e  
pu rp o se  of defining th e  m aster ga te .
In parallel to  the  one  described  above there  w as a  second  timing 
circuit which u se d  a  LeCroy 4208  time to digital converter (TDC) to 
m ea su re  the relative timing betw een  the  two de tec to rs. T he TDC 
w as opera ted  in com m on start m ode with th e  TDC s ta rt being 
g en era ted  from a  T3*RF*P&S*W&M signal. T he individual TDC stop  
signa ls  for e a c h  de tec to r consisted  of th e  T3*RF*P&S(W&M) g a te  in 
co incidence with a  seco n d  detecto r timing signal which had  p a sse d  
through an  upper level discrim inator (ULD) and  g a te  genera to r. The 
TDC LAM, TDC CLEAR and  TDC START signals w ere all g enera ted  from 
th e  coincidence of th e  500  n sec  T 3*RF*P&S, T3*RF*W&M g a te s  with 
th e  10 p se c  T3*RF gate , which defined the m aster ga te . T he TDC 
LAM used  the  TTL output from a  g a te  generato r tha t had  received  the 
co incidence  signal, while th e  s tre tched  NIM output of th e  g a te  w as 
u sed  to trigger a  Flip-Flop tha t controlled th e  TDC CLEAR and  TDC 
START signals (se e  FIG. 3-4 ).
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Each de tec to r's  pream p output w as se n t to a  T ennelc 
sp ec tro sco p y  am plifier for shap ing  and  amplification. T he ou tpu ts 
from th e se  am plifiers along with th e  TAC outputs w ere  then  p a sse d  
to th e  ADC's for sim ultaneous recording by the  M acintosh an d  VAX.
T he M acintosh and  Vax com puters controlled se p a ra te  CAMAC 
c ra te s  tha t con ta ined  a  c ra te  controller and  identical O rtec  413A 
quad  ADCs, LeCroy 4208 TDCs and  LeCroy 4434 scalers. Kmax, a  
com m ercially availab le  d a ta  acquisition program  for th e  M acintosh, 
w as u sed  to  control th e  CAMAC cra te , so rt even ts, and  c rea te  1 D, 2 D 
and  3D histogram s of th e  collected da ta . T he VAX used  a  PSI "home 
grown" d a ta  acquisition program  called  HIX, which perform ed th e  
sa m e  functions a s  Kmax. T he MCA contained two 2000 channel ADC 
units capab le  of recording th e  1D energy  sp ec tra  from e ac h  detector. 
T h e se  sp ec tra  w ere  th en  sa v ed  to  floppy disk.
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CHAPTER 4
DATA ANALYSIS
A. SOFTWARE
T he analysis w as accom plished  with two softw are program s, 
Kmax22 an d  FIT23. T he Kmax program  used  to record th e  d a ta  a lso  
h as a  d a ta  analysis capability. For a  defined region Kmax can  give 
th e  centroid  position, full width half maxim um  (FWHM), peak  sum  
and  peak  a re a  (sum  minus background). Kmax also  h a s  a  built in 
scripting lan g u ag e , allowing o n e  m athem aticaily  to  m anipu late  the  
d a ta  befo re  sorting it into h istogram s. This feature  w as used  to 
m ake th e  tim e slew ing an d  efficiency corrections to th e  da ta .
FIT is a  fa s t interactive program  for the  fitting of various kinds 
of da ta , sim ple lists of num bers (x), or files contain ing  pairs of 
num bers (x,y), FIT accep ts  the  1D sp ec tra  generated  by ADCs and 
TDCs, an d  th e  erro rs a sso c ia ted  with su ch  data . For our application 
th e  fitting of x-ray sp ec tra , th e  program  m ade u se  of th e  fast 
M arquard fitting algorithm . T his algorithm  is particularly  efficient 
a t  optimizing th e  p a ram ete rs  of a  given fitting function so  a s  to  
g e n e ra te  a  minimum ch i-square .
T here  a re  32  predefined functions in FIT (they include constan t, 
linear, G aussian , Fermi, S asam o to -G aussian , e tc .,) an d  room for
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se v e n  u se r defined or custom  functions, all of which can be  used  in 
com bination to  fit a  com plex spectrum . E ach function h as a  num ber 
of p a ram ete rs  th a t a re  varied to  fit the  spec tra . T he program  
ev a lu a te s  th e s e  p a ra m e te rs  and  p laces  th e  resu lts in a  fit-array.
This array  is com pared  with th e  d a ta -a rray  and th e  value of chi- 
sq u a re  is calcu lated . FIT u se s  routines taken  from Bevington24 to 
calcu late  the  error in th e  given value of th e  param eter. O nce  the  
e rro rs  have b een  calcu lated , FIT can  th en  in tegrate  the  fit-array 
over th e  fitting interval and  th e  p eak  sum  and  p eak  a re a  a re  found 
along  with their a s so c ia te d  erro rs.
In its current form FIT h as a  num ber of constraints; the  maximum 
length of the  fitting interval is 8192  d a ta  points, th e  maximum 
num ber of functions in a  fit is 200  and  th e  maximum num ber of free 
variab les is 100. T he size  of th e  function cache  is ano ther 
constrain t in that the  product of th e  num ber of ch an n e ls  and  th e  
num ber of functions in a  fit canno t e x ceed  2  x105, which is to sa y  
one  could fit up to  200 functions to  1000 d a ta  points, or 25 
functions to 8192  d a ta  points. Due to  th e se  limitations it w as 
n e c e ssa ry  to  fit th e  en erg y  h istogram s in th ree  se p e ra te  sec tions, 
s e e  section 4 E,
The Kmax recorded d a ta  a re  com posed  of six fields, th ree  per 
detector: th e  energy, TAC time an d  TDC tim e for e a c h  event. T he 
d a ta  runs w ere m ad e  a t p re ssu re s  of 40 and  400 Torr of neon; both 
single and  coincident d a ta  w ere recorded  for th e  40 Torr condition, 
s e e  tab le  4-1. D ata w ere  accum ulated  in record ev en t form at files 
th a t yyere titled an d  num bered  sequentially . Periodically during th e  
evening a  rujn w as halted and the  target cham ber evacuated . The
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w as done to  minimize th e  contam ination of the  neon  from out 
g a ssin g  of th e  trap  and  any  slow leaks in th e  g as  handling system .
Table 4-1 
Experimental Conditions 
40  Torr neon coincidence 
40 Torr neon singles 
400 Torr neon coincidence
B. CALIBRATION
T here w ere two energy  calibrations perform ed for each  
detector, one  for neon a t 40  Torr runs and one  for neon a t 400 Torr 
runs. Calibrated so u rc es  of the  radionuclides, CO-57, AM-241 and  
Bi-207, w ere installed in th e  trap during th e  tuning p h a se . T he 
known em ission lines from th e se  so u rc e s  provided a  reference  by 
which to s e t  th e  amplifier gain, shap ing  tim e and po le-zero  controls 
so  a s  to optim ize th e  energy  resolution for each  detector. Table 
App.-1 lists half lives, photon en erg y  and  em ission  probabilities for 
se lec te d  em ission  lines from the  th ree  so u rces .
During th e  actual d a ta  runs a  "working" calibration of the  sp ec tra  
w as m ad e  using th e  calibration option provided by Kmax. For th e  
analysis it w as n e c e ssa ry  to  have a  calibration m ore accu ra te  than  
th e  "working" calibration. T he  sp e c tra  of m uonic neon w as fit with 
G aussian  peak  sh a p e s  using FIT. The energy, position, FWHM, and 
am plitude a re  listed in T able  4-2 and  4-3. A linear function w as fit
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to the  position of the neon lines using th e  least sq u a res  method. The 
resulting calibrations a re  given in T able 4 -4 .
Table 4-2
P&S 400 Torr Neon 40 Torr Neon
Line I.D. 
Energy
Channel
P o s itio n
Channel
FWHM
AMP. Channel
P o s itio n
Channel
FWHM
AMP.
une 3-1 
246.17 keV
2497 .5 ± .3 9.B*,6 31*2 2498.3*. 6 9*1 12*1
jine 2-1 
207.22 keV
2101.5±.04 10.26±.08 953*11 2102 .8 *.09 1Q.3*.2 195*5
F-19 y-ray  
197.15 keV
2000 .7±.2 15.97*.54 56*2
line 3-2 
38.947 keV
391 .07 *.02 7.53±.04 2647*23 391 .44 *.05 7.92*. 09 531*10
Une 4-3 
13.624 keV
133.29*. 02 7.73*. 05 2054*20 133.37*.06 8.3*1 396*9
4 0
Table 4-3
W&M 400 Torr Neon 40 Torr Neon
Line I.D. 
Energy
C hannel
P o s itio n
C hannel
FWHM
AMP. Channel
P o s itio n
C hannel
FWHM
AMP.
line 3-1 
246.17 keV
3363 .9± .7 13±2 14*2 3364.8±.8 25*2 e.7*.e
line 2-1 
207.22 keV
2831 .4 ± .07 16 .15±. 13 511*7 2 8 3 3 .8 *.1 6 16.41*.29 114*3
F-19 y-ray  
197.15 keV
2 6 8 8 .5 *.2 7±.5 38±3
line 3-2 
39.947 keV
532.29±.04 13.15*.07 1444±13 533 .62 *.09 14.59*. 16 335*6
line 4-3 
13.624 keV
1 85 .97±,05 13.80±.09 1130*11 186.8*.1 14.74±.20 231*5
Table 4-4 
Energy(keV) = m x Channel No. + b
40 Torr neon m (keV/channel) b (keV)
W&M 0.07306 ± .00003 0.829 ± .032
P&S 0.09824 ± .00002 0.480± .028
400 Torr neon m (keV/channel) b (keV)
W&M 0.07316 ± .00002 0.81 ± .038
P&S 0.09835 ± .00003 0.611 ± .054
C. DETECTOR EFFICIENCY
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Inorder to properly determ ine the two-photon em ission rate of 
the  2 S -s ta te  it is n ecessa ry  to take into account the  relative 
photopeak efficiencies of each  detector betw een 10 keV and  207 
keV. Prior to  th e  experim ental run the  energy dep en d en ce  of the 
photopeak  efficiencies of th e  de tec to rs w ere m easu red  using 
se lec ted  em ission  lines from th ree  calibrated sou rces: Co-5 7 , Am- 
241 and  Ba-133, s e e  tab le  App.-1 . This procedure allowed the 
relative efficiencies to be determ ined up to an energy of 136.47 keV, 
with about a  5% accuracy. For energ ies g rea ter then  136.47 keV it 
w as n e ce ssa ry  to rely on the  Monte Carlo calculated photopeak 
efficiencies of S e ltz e rs . This calculation spanned  an  incident 
photon energy  range  from 60-400 keV an d  w as consisten t with the  
experim entally determ ined values below 136.47 keV (se e  Fig. 4-1).
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Fig. 4-1 Detector Efficiency
To interpolate be tw een  th e  m easu red  values of an efficiency- 
calibration curve it is a  com m on practice  to  fit th e  d a ta  points to  a  
analytical function, typically a  polynomial energy. In th is c a se  
K aleidagraph w as u sed  to  fit th e  d a ta  to  a  fourth order polynomial 
function. T he result of th e  le a s t sq u a re s  fit is  show n below  in T able  
4 -5 .
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Table 4-5
8 (E )- MO + M1(E)+ M2(E2) + M3(E3) + M4 (E«)
MO 0.468 ± 0.052
M1 0.019 ±  .002
M2 -0.00022 ± 3-10-5
M3 8.73-10-7 ± 1.9-10-7
M4 -1.1 *10-10 ± 3.2-10-10
X2 0.977
D. TIME SLEW CORRECTION
Looking a t the  2-D plots of energy  vs. time, one  notices that 
lower energy  ev en ts  a re  m easu red  a t la ter tim es than  ev en ts  of 
higher energy; s e e  Fig. 4-2. This distortion is know a s  tim e slewing 
and  resu lts from th e  variation in pu lse  sh a p e  of signals entering th e  
co n stan t fraction discrim inators CFD u se d  in th e  timing logic. T he 
zero crossing  level of a  CFD is a  function of pu lse  height (i.e. 
proportional to energy) and  th e  sm aller the  pulse  height th e  later th e  
zero  crossing, s e e  Fig App.-1 and  Fig. App-2. To determ ine the  
am ount of time slewing a s  a  function of energy, Kmax w as u sed  to  
find th e  time centroid of th e  prom pt p e ak s  in th e  1-D timing 
h istogram s for se lec ted  lines of known en erg ies . Kalidagraph w as 
then  u se d  to fit th e  position of the  timing cen tro ids to  a  function of 
th e  form.
Time = (A /Energy)+ B (4.1)
T able 4-6 gives the  resu lts  of th e  fit.
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Table 4-6 
Time(E) = A/Energy + B
40 Torr A B X2
P&S 3592 4313 .995
W&M 4189 4346 .976
400  Torr A B X2
P&S 1715 4537 .988
W&M 2037 4616 .976
With this functional form for the  energy  d ep en d en ce  of the 
timing, th e  slew  correction can  then  be m ade by modifying the 
softw are  of the  replay instrum ent u sed  to analyze the  data . The new 
instrum ent acco m p lish es th is correction by sub trac ting  th e  va lue  of 
th e  tim e from equation  4.1 m inus the constan t B from the  tim e 
channel of th e  event. The constant B is only the  prom pt peak 's  offset 
from th e  time zero  and  n eed  not be included in the  slew  correction. 
T he new  instrum ent is then  u sed  to c rea te  slew -corrected  
h istog ram s; s e e  exam ple fig. 4-3.
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E. ANALYSIS OFSINfil E PHOTON EVENTS
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For the  p h a se  of the  experim ent during which data  w as collected 
a t 40  Torr of neon  in th e  trap , d a ta  w ere  accum ulated  in both 
co incidence and sing les m ode. Periodically, the  coincidence runs 
w ere  s to p p ed  and  th e  logical condition betw een th e  d e tec to rs  w as 
changed  from an AND (coincidence) to an OR g a te  (singles m ode). For 
an  ev en t to be  recorded  in th is fashion, th e re  only n eed ed  to be  a  
sing le  photon reg is te red  in either of th e  de tec to rs.
T he d a ta  collected in th e se  individual singles runs w ere  sav ed  in 
thirteen even t files. The Neon S ing les event files w ere later 
rep layed and  th e  d a ta  sum m ed into histogram s for analysis. Energy 
sp e c tra  of th e  single photon even ts  occurring in each  de tec to r w ere 
then  fitted using FIT. After corrections had b een  m ade for relative 
d e tec to r efficiencies the  resu lts  of the  fit could then  be  u sed  to 
calcu late  th e  intensity  ratios of the  m uonic neon x-rays. T h ese  
ratios give an estim ate  of w hat fraction of m uons end in the  2 8 - 
s ta te  a s  a  result of the  c a sc ad e .
T he energy sp e c tra  from both de tec to rs w ere  so rted  into 8192 
channel h istogram s and fitted in both channel num bers and  in th e  
calibrated  energy  sc a le  given for 40 Torr of n e o n -see  Table. 4 -6 . To 
exped ite  th e  fitting p rocedu re , th e  8192 channel h istogram s w ere  
fitted in th ree  se p a ra te  sec tions, each  section  being  cen tered  on an 
x-ray se rie s  of m uonic neon . The first section fit w as cen te red  on 
the  K se rie s  (n-1) x-rays and  covered an  energy  range  from 190 keV 
to 380 keV. The seco n d  section  consis ted  of th e  K se rie s  (n-2 ) x- 
rays and  ranged from 35 keV to  70 keV. The gap  from 70 keV to  190
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keV is tem porally  ignored h e re  a s  it con tains no m uonic neon x-rays, 
only x-rays g en e ra ted  from m uons s to p p ed  in the  surrounding trap  
m aterial an d  gam m a rays resulting from muon nuclear cap ture. 
Section  th re e  con ta ins the  M se ries  (n-*3) x-rays and ex tends from 
10 keV to 38  keV. Table 4-7 lists the  fitted em ission lines observed  
in th e  P&S detector. It is worth noting that the  higher K se ries  
tran sitions n>4 w ere very w eak , and in order to  fit them  it w as 
occasionally  n e c e ssa ry  to fix the  p a ram ete rs  of a  neighboring 
s tro n g er peak . For each  section  of th e  spectrum  the em ission lines 
w ere  fit with th ree -p a ra m e te r (position, FWHM, am plitude) G au ss ian  
p eak s  and a  linear background w as assum ed . Both the  p eak s  and the  
background  w ere fit using th e  lea s t-sq u a res  m ethod, s e e  Fig. 4-4 
th ru  4-7.
Fig. 4-7
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Table 4-7 
Single Events 
Muonic Neon X-rays-P&S D etector 40 Torr
K -series E nergy  (keV) FWHM(keV) Area
.2-1 2 0 7 .2 1  8 ± .0 0 9 .93±.02 20244:4 6
3-1 2 4 6 .1 8 ± .0 5 •9±.1 133±14
4-1 259.5±.1 .9±,2 33±10
5-1 265,9±.2 .9±.2 24±9
6-1 269.5±.9 .7±.2 36±9
7-1, 8 -1 ..... 271 .7±,1 .4±.2 31 ±8
00-1 277.7±.1 .4±.2 15±6
L -series
3-2* 38 .93± .05 .71±.01 4257±69
4-2** 52.50±.05 .65±.09 285±45
5-2 58.71 ± .09 ,8±.2 69±17
6-2 63 .11±.04 ,35±,03 52±11
M -series
4-3 1 3 .5 6 5 ± .0 0 6 .72±.01 3222±60
5-3 19.77±.03 .60±.07 185±20
6-3*** 23.12 ± .03 .65±.06 233±21
7-3 24 .94± .07 .8±.2 95±18
* th is  line overlaps with th e  3-1 x-ray from m uonic Beryllium
** th is  line over laps with the  ^Cu 5-4
*** th is line overlaps with th e  4-3 x-ray from m uonic Aluminum
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Table 4-8 
O ther lines -P&S detector 40Torr
Energy(keV ) FWHM(keV) A rea
jiAl 4-3 23.12±.03 .65±.06 233±21
(iAI 3-2 65.94±.02 .79±.05 393±25
pBe 2-1 33.30±.02 .71 ±.04 821±32
pBe 3-1 39.77±.03 .25±.07 75±20
pB e 4-1 4 1 .68±.03 .26±.07 41±10
pBe 5-1 42.60±.Q6 .5±.1 50±13
pBe n-1 45.18±.07 .38±.08 64±12
F19 G am m a 197.06±.05 .9±.1 149±17
jliC u 6-5 28.89±.05 .6±.2 113±18
jiCu 5-4 53.2±.1 ,58±.2 111±44
A similar fit w as m ade to th e  energy  spec tra  of th e  single photon 
ev en ts  s e e n  in th e  W&M detector; the  resu lts of th is fit a re  given in 
T ab les  4-9 and  4-10.
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Table 4-9 
Single Events 
Neon X-ravs-W&M D etector 40 Torr
K -series Energy(keV ) FWHM(keV) A rea
2-1 207.20±.01 1,09±.02 1850±45
3-1 2 46 .14±.06 1.1±.1 127±15
4-1 259.4±.2 1±.5 19±10
5-1 265.7±.1 .96±.4 26±9
6-1 269.08± .02 .12±.04 15±5
7-1, 8-1, 270.6±.1 1 .8±.8 32±13
00-1 277.28± .04 .16±,09 8±4
L-series
3-2* 38.98±.01 ,92±.04 4538±665
4-2** 52.64±.03 1.22±.08 316±225
5-2 58.69±.09 .9±.2 90±21
6-2 62.06±.07 .6±.2 55±15
M -series
4-3 13 .6 2 7 ± .0 0 7 .94±.01 3266±61
5-3 19.83±.05 1. U .1 231±26
6-3*** 23,18±.05 .9±.1 167±23
7-3 25.32±.08 .8±.1 85±19
* th is line overlaps with th e  3-1 x-ray from m uonic Beryllium
** th is line over laps with the  p.Cu 5-4
*** th is  line overlaps with the  4-3  x-ray from m uonic Aluminum
Table 4-10 
O ther lines -W&M d e tec to r 40Torr
Energy(keV ) FWHM(keV) A rea
mAI 4-3 23.18±.03 .9±.1 167±22
pAI 3-2 65.89±.05 1 .0±.1 240±25
jxBe 2-1 33.39±.02 .89±.03 920±35
pBe 3-1 39.5±.7 1.4±.05 452±694
[.i Be 4-1 4 1 .68±.03 .26±.07 41 ±13
pBe 5-1 42.23±.09 1.1 ±.2 78±25
pBe n -1 45.22±.06 .7±.1 93±18
F19 G am m a 196.9±.1 1.6±.2 132±18
fxCu 6-5 28.96±.04 ,6±.1 109±17
pCu 5-4 53.1 ±.5 1.9±..8 278±207
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Using th e  intensities of the  K se ries  x-rays given in T ables 4-7 
and 4-9  and  equation 2.16 in chapter 2 , it is now possib le  to 
e stim ate  th e  relative population of th e  2 S -s ta te . T he first s te p  is 
to  ca lcu la te  th e  relative in tensities of each  of th e  reso lved  n ->-1 
transitions to  th e  total of all K -series x-rays. Two ex am p les  a re  
given below  using th e  notation from chap ter 2 :
Y(2p-1S) = Ka/Ktot = 1/ [1+ (Kp/Ka ) + (K>p /K a  )] (4.2)
Y(3p-1S) = Kp/Kt0t = (Kp/Ka)/ [1+ (Kp/Ka) + (K>p /Ka )]. (4.3)
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T ab le  4-11 lists th e  ca lcu la ted  relative in tensities for both th e  P&S 
an d  the  W&M d e tec to rs  after correcting for th e  variations in 
pho topeak  efficiencies a s  a  function of energy.
Table 4-11
Relative Intensities of th e  Lyman se rie s  of Muonic Neon 
P&S
Ktot= 5730 ±  134 
Ka/Ktot -  .85 ± .05  
KfJ/Ktot = .07 ± .02 
Ky/Ktot = .019 ± .007  
K5/Ktot s  .014 ± .005 
Ke/Ktot = .021 ±  .005  
K /^Ktot = .018 ± .005 
Koo/Ktot = .009 ± .003
W&M 
Ktot= 5162 ± 145 
Ka/Ktot = .86 ± .05 
KfS/Ktot = .074 ± .02
Ky/Ktot = .012 ± .006
K6/Ktot= .017 ± . 0 0 9  
Ke/Ktot = .010 ± .003
K /^Ktot = .020 ± .008
Koo/Ktot = .005 ± .002
Substitu ting  th e s e  v a lu es for Y(np-1S) into expression  2.16 along 
with th e  app rop ria te  value of Fn taken  from Table 2-2, we find the
relative population of the  2 S -s ta te  of m uonic neon at 40  Torr of 
p ressu re  to be  82s -  1.8% ± .2%for the P&S detector and S2s=1 .7%± .2%
for th e  W&M detecto r. T he resu lts  of this calculation a re  consisten t 
with the  expecta tion  that som ething  on the  order of a  few p e rcen t of 
th e  m uons in th e  c a sc a d e  reach  the  2 S -s ta te .
F. ANALYSIS OF TWO PHOTON EVENTS AT 40 TORR
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T he coincidence data  w ere  collected and sav ed  in tw enty one 
ev en t files. Initially th e  d a ta  w ere reco rded  and  so rted  on-line into 
11 different h istogram s; two h istogram s w ere 8192 channel plots of 
th e  individual de tec to r energy  sp e c tra  for even ts  co inciden t in both 
d e tec to rs , and  two 8192 channel h istogram s of th e  TAC tim e 
d istributions of each  d e tec to r for ev en ts  co incident in both 
d e tec to rs . T he rem aining four h istogram s w ere  identical to  th e  
h istogram s above, excep t th a t they  w ere plotted with an 8 bit 256 
channe l reso lu tion , in stead  of the  13 bit/8912 channel resolution. 
With the  energy  and tim e sp ec tra  reduced  to 256 channels  th ree  256 
X 256 channel 2-D histogram s could be m ade. Two of th e s e  plots 
w ere  energy  vs. tim e histogram s, w here th e  energy of an ev en t is 
plotted on one  axis and  the  time of th e  even t is plotted on th e  other 
axis. T here  w as one of th e se  plots for each  detector. T he third 2-D 
histogram  plotted th e  coincident ev en ts  in te rm s of energy  vs. 
energy, with th e  energy deposited  in the  W&M detec to r being the  X- 
axis and  th e  energy  deposited  in th e  P&S detecto r being the  y-axis. 
From the  Kmax scripting language  and  th e  information con ta ined  in 
th e s e  plots, a  replay instrum ent w as written that would p roduce  
energy  calib ra ted  and tim e slew  corrected  h istogram s. T he d a ta  
w ere  then  rep layed  with this instrum ent an d  reso rted  into th e  11 
h istogram s plus two new ones: Esum , Ediff.
Esum=(Ew&M+Ep&s) and Ediff=(Ew&M " Ep&s + constant) For a given Esum.
The Ediff and  Esum  spectra  w ere the  m ost useful energy 
h istogram s in th e  analysis of the  two photon even ts  w here  Ew &m and 
Ep&s refer to the  energ ies of the photons de tec ted  in th e  W&M and  
P&S d e tec to rs  respectively . The Esum  histogram  is self 
explanatory ; it is simply th e  sum  of th e  en erg ies  of th e  pho tons th a t 
w ere  d e tec ted  in coincidence. The Ediff histogram  is a  plot of th e  
difference in energy  of two photons w hose energy  sum  is be tw een  
two predefined  v a lu es se lec ted  by the  user. The co n stan t w as a lso  
u se r  defined, but only se rved  a s  a  convenience for th e  plotting of the  
h istog ram . T he softw are  for th e  rep lay  instrum ent w as written such  
th a t in addition to the  six recorded p a ram ete rs  th e re  w ere  sev en  
calcu lated  p a ram ete rs . T h ese  sev en  c rea ted  p a ra m ete rs  w ere:
'Ewm' and  'Eps'; which w ere  the  energy calibrated re sp o n se s  of each  
d e te c to r calcu lated  in the  replay instrum ent using eq u a tio n s given in 
T able 4-4  for 40 Torr of p ressure ; 'Esum ', which w as the  sum  of 
'Ewm' and  'Eps'; 'Iflag' w as an integer pa ram eter which signaled  if 
'E sum ' w as betw een two values defined by th e  user; 'Ediff', which 
w as the  difference betw een 'Ewm' and 'E ps' for a  given 'Iflag'; and  
th e  'STDCwm' and 'STDCps', which w ere the  slew corrected  TDC 
tim es calcu lated  in th e  replay instrum ent using the  equations given 
in tab le  4-8 for 40 Torr of p ressu re .
G. TIME CUTS OF TWO-PHOTON EVENTS
After correcting for tim e slewing using th e  m ethods described  
early  in th is chapter, tim e cuts w ere  p laced  so  a s  to d iscard  th o se  
e v en ts  th a t had  unrealistic  tim e information. M any of th e se  invalid
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e v en ts  w ere  "zeros"— i.e. lying along both the time and  energy  ax es 
(Es=0, T=0). T h ese  ze ro s  a re  generated  w hen there  is a  signal in the  
energy  ADC but not in th e  time ADC or th e  reverse . T he ze ro s a re  not 
true  ev en ts  and  n eed  to be excluded from the  analysis.
H. BACKGROUND
The even ts  that a p p ea r on the  E vs. E plot, figure 4-8 , can  be 
subdiv ided  into th ree  categories: 1) random  coincidences, 2) 
co incidence sum m ing, and  3) Compton scattering. Random  
co inc idences result from a  single photon, or noise pu lse  in th e  
e lectron ics, being in co incidence with a  random  no ise  pulse, or a  
photon. T he tim e and energy  structure of th ese  two photon even ts  is 
su ch  tha t they  ap p ea r a s  the  uniform background or "grass" in th e  E 
vs. E plot. The second  type of event, coincidence sum m ing, is th e  
resu lt of a  photon from the m uonic c a sc ad e  of neon {or any targe t 
ch am b er m aterial) being in coincidence with a  random  noise  pu lse  or 
ano ther photon from a  m uonic cascad e . T h ese  two photon ev en ts  
form the  lines or b ands that c ross the  E vs. E plot and in tersect the 
ax is a t th e  energy  of a  known transition. Com pton scattering , the  
third so u rc e  of signal, occurs w hen a  single photon Com pton sc a tte rs  
in o n e  de tec to r, depositing  som e fraction of its energy  while th e  
sc a tte re d  photon trav e rse s  the  target cham ber and  s to p s  in the  
se c o n d  detecto r. This type of event is th e  m ost difficult to 
d istinguish  from a  true  two photon event, for it would g e n e ra te  an 
ev en t with a  tim e structu re  and sum m ed energy  indistinguishable
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from that of a  tw o-photon decay  of the  2 S -s ta te . T h ese  Com pton 
sc a tte re d  background ev en ts  form the  diagonal fea tu re s  th a t a p p ea r 
on th e  E vs. E plot and  in tersect the  ordinate and a b sc is sa  a t the  full 
en erg y  value of th e  X-ray that is being sca tte red .
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Fig. 4-8, E vs E 40 Torr
Figure 4-8 is an  E vs. E plot for two photon even ts observed  in neon 
a t 40  Torr of p ressu re . The x-axis is th e  energy  tha t the  event 
deposited  in the  W&M detector, and  the  y-axis is th e  energy 
deposited  in th e  P&S detector. T he units of both axis a re  in keV. 
W hile this Com pton sca tte red  background lies on th e  sam e  45° line 
th a t co rre sp o n d s to  true  tw o-photon decay s, th e  C om pton scattering
5 9
is kinem atically limited; th e re  is a  central te a rd ro p -sh ap e d  region 
in the  E vs. E plot tha t is free of Compton scattered  e v e n ts26. This 
Com pton free region can  be seen  in figure 4-8 a s  the  gap  in the  
prom inent dark diagonal line that is th e  Ka  sum  line of m uonic neon
(Ewm + Eps = 207.228 keV ± 1 keV ); Figure App.-1 in th e  appendix  is 
a  plot th a t show s th e  entire Compton free region of th e  E vs. E plot.
I. e n e r g y  c u t s  o n  t h e  e  v s  e  s c a t t e r  p l o t
T hree energy cuts w ere m ade to the  E vs. E plot show n in figure 
4-8. T he first cu t w as for all coincident ev en ts  that had  an  energy  
sum  ( Ewm+Eps = Esum  ) betw een 206 and 208 keV. T h ese  events 
w ere then  sorted  a s  to their energy  difference (Ewm - E ps = Ediff) 
and  plotted a s  an  Ediff histogram . This histogram  is th e  diagonal 
line th a t co rresponds to the  K« sum  line a s  viewed from th e  origin
of th e  E vs. E plot, s e e  figure 4-10. The two other cu ts w ere similar 
in na tu re  to  the  first but w ere p laced  on either side  of th e  first cut: 
203keV < Esum < 205keV and 209keV < Esum < 211keV. T h ese  cuts 
do not co rrespond  to an  observed  transition but w ere m ade  in order 
to estim ate  th e  random  background th a t lies under th e  cu t cen tered  
on 207 keV. T he background w as determ ined by averaging the  counts 
in th e  two "side" cu ts  for th e  region of in terest Fig. 4-10, 4-9, an d  
4-11 a re  the  resp ec tiv e  figures.
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In looking a t figure 4-10 one can se e  that the two large peaks of 
th e  Com pton distribution extend som ew hat into the  calculated  
Com pton free  region; th is is a  result of multiple Com pton sc a tte rs  
and  finite d e tec to r resolution. To differentiate th e s e  effects from 
th e  observed  two photon events, th ree  successively  narrow er (Ediff= 
±20, ±10, ±5 ) keV regions about the value Ediff=0 w ere  taken a s  the 
Compton free zones. The num ber of events in each of th e se  zones a s  
well a s  th e  estim ated  average  random  background a re  given in table 
4 -1 2 .
Table 4-12
Number Of O bserved 207 keV Two-Photon Even ts At 40 Torr
Ediff(keV) Counts Background Counts-Background
±12 230 ± 15 96 ± 12 134 ± 19
±10 177 ± 13 55 ± 9 122 ± 16
±5 94 ± 10 31 ± 8 63 ± 13
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The num ber of Com pton even ts that exist on either side  of th e
“gap" is a lso  n eed ed  in order to  com pare the  resu lts  at 40 Torr with
th e  resu lts of the  coincidence a t 400 Torr. T he d a ta  s e ts  for th e  40
and  400 Torr conditions w ere not the  sam e  size, m aking it n e ce ssa ry
to com pare  th e  ratio of tw o-photon even ts to Com pton even ts and
not th e  raw num ber of even ts. For this purpose w e used  th e  num ber
of Com pton even ts  that lie in the  region betw een 20  <Ediff< 76 in th e
207  keV histogram , with th e  a v e rag e  random  background determ ined
from the  sa m e  region in th e  204 and 210 keV histogram s. The
num ber of Com pton even ts found in this region w as 1027 ± 48. T he
ratio of tw o-photon e v en ts  to C om ptons is then  given in T able 
4 -1 3 .
Table 4-13
Ediff(keV) 2 gam m a events/C om pton ev en ts
±12 .130 ± .022
±10 .119 ± . 035
±5 .061 ± .014
J. ANALYSIS OF TWO PHOTON EVENTS AT 400 TORR
The coincidence d a ta  at 400 Torr of neon w as collected and sav ed  
in ten  event files titled N eon400% 0-% 10. T he m otivation behind 
doing the  co incidence experim ent a t an increased  p ressu re  (400 
Torr) w as th a t a t the  higher p re s su re  e lectron  refilling would 
d estro y  th e  m etastability  of the  2 S -s ta te  and  th a t co incidence d a ta  
collected a t 400 Torr would show  little or no two photon even ts,
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collected, at 400  Torr would show  little or no two photon ev en ts , 
th e reb y  providing a  control or te s t with which to  confirm th a t w hat 
had  b een  observed  at 40 Torr w as an actual effect. T he analysis of 
th e  coincidence d a ta  a t 400 Torr w as done  exactly  a s  w as th e  c a se  
for th e  d a ta  a t  40 Torr. The replay instrum ent w as identical to  th a t 
of th e  40 Torr replay ex cep t for c h an g e s  in th e  calibration, tim e 
slew  correction , and  additional Ediff c u ts  at 197 keV, the  position 
of th e  fluorine 19 nuclear gam m a ray.
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113 163
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Fig. 4-12 E vs E 400 Torr
Figure 4-12 show s th e  E vs. E plot for coincident even ts at 400 
Torr of neon in units of keV. With th e  400 Torr d a ta  calibrated, slew 
co rrec ted  and  z e ro s  rejected , six Ediff cu ts w ere  m ade  from th e  E
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vs. E plot. O ne cut w as cen tered  on the  207 keV line of th e  m uonic 
neo n  Ka line, with its two asso c ia ted  background cu ts  to  either side  
cen te red  a t 204  and 209 keV, a s  in the  40 Torr c a se . In addition 
th e re  w ere  cu ts of equal width placed a t 197 keV corresponding  to 
th e  nuc lear gam m a of F^g which is the  result of m uon cap tu re  on th e  
neon  nucleus, and  two background cuts cen tered  a t 194 and  200 keV. 
T he rea so n  for including th e  197 keV transition in th is analysis is 
tha t th e  line show s th e  effects of Com pton sca ttering  be tw een  th e  
d e tec to rs , and  th e  transition is not expec ted  to  have  an y  significant 
tw o-photon com ponent. C onsidering th e s e  p roperties th e  197 keV 
line can  se rv e  a s  a  m easu re  of the  am ount of Com pton scattering  
th a t ta k e s  p lace  betw een  de tecto rs.
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The background cu ts  a sso c ia ted  with th e se  histogram s can  be found 
in the  Appendix. T ab les 4-14 and 4-15 p resen t the  coun ts and  
av erag e  background for the  Ka sum  iine and the F 19 gam m a ray in the 
regions Ediff=±12, ±10, ±5 keV at 400 Torr of neon.
Table 4-14
Num ber of O bserved 207 keV Two Photon Events At 400 Torr
Ediff Events Background C oun ts-B ack .
±12 136 ± 12 28 ± 7 108 ± 14
±10 96 ± 12 25 ± 7 69 ± 12
±5 44 ± 7 10 ± 4 34 ± 8
^
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Table 4-15
Num ber of O bserved 197 keV Two Photon Events At 400 Torr
Ediff(keV) Events Background Counts-Backqround
± 1 2 42 ± 6 23 ± 7 19 ± 9
±10 32 ± 6 19 ± 6 13 ± 8
±5 15 ± 4 11 ± 4 4 ± 6
For the  Ka sum  line th e  num ber of Com pton even ts tha t lie in th e  20< 
Ediff < 70 keV regions w as found to be 818 ± 35, while th e  Com pton 
ev en ts  in a  similar region along th e  197 keV sum  line w as 144 ± 20. 
T h e  ratio of tw o-gam m a even ts  to Compton even ts for th e  207 and  
197 keV lines a t 400 Torr of neon is given below in tab le  4-16.
Table 4-16
Ratio of 2 G am m a even ts  to Compton even ts at 400 Torr Neon
Ediff (keV) 207 keV 197 keV
±12 .132 ± .018 .132 ±.065
±10 .084 ± .015 .090 ± .057
±5 .041 ± .010 .027 ± .041
Before th e  Com pton scattering at 197 keV can  be u sed  to m odel 
Com pton scattering  a t 207 keV one  final correction n e e d s  to be 
m ade. For a  given energy  the  limit of the  C om pton-free zone is 
de term ined  by the  ev en ts  that undergo 180° Com pton scattering . At 
2 0 7  keV this co rresp o n d s to 92.6 keV being deposited  in the  first 
de tecto r, while the  seco n d ary  photon of 114.3 keV is com pletely
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a b so rb ed  in the  seco n d  detector. This g e n e ra te s  a  coincident even t 
with Ediff=21.7 keV, producing a  Com pton free gap  abou t 43 keV 
wide. At 197 keV a  180° sc a tte r  p roduces a  coincident even t with 
an  Ediff= 25.5 keV and a  "gap" about 51 keV wide. This results in the 
197 keV d a ta  being distributed over about 15% m ore a re a , reducing 
th e  num ber of coun ts se e n  per channel. Only after correcting for 
this fact can  the  207 and  197 keV data  be  com pared .
Table 4-17
C orrected  2 G am m a to Com pton Ratios f197 ke\A
Ediff (keV) 197 keV
±12 .156 ± .077
±10 .106 ± .068
±5 .032 ± .049
T he ratios in T able 4-17 now rep resen t an  estim ate  of th e  am ount of 
Com pton scattering  p resen t a s a  background in each  of the  various 
Ediff regions at an energy of 207 keV. This background can  then be  
su b trac ted  from th e  num ber of even ts se e n  in th e  Com pton "gap" a t 
207  keV for both the  40 and 400 Torr of neon conditions. T able 4-21 
p re se n ts  th e  final resu lts  of sub tracting  this ca lcu la ted  background  
from th e  information given in ta b le s  4-16 and 4-19, and  th e  num ber 
of o b se rv ed  2 S -s ta te  two photon decays.
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Table 4-18
Ratio of 2 Gamma Events to Compton Events with Compton Background Subtracted
40  Torr Ediff(keV) Ratio 2y/ Com pton 2S two Photon d ecay s
±12 -.026± .080 -26 ± 82
±10 .013 ± .076 13 ± 7 8
±5 .029 ± .051 30 ± 52
400 Torr Ediff(keV) Ratio 2y/ Com pton 2S two Photon d ecay s
±12 -.024 ± .078 -20 ± 64
±10 -.022 ± .070 -18 ± 57
±5 .009 ± .050 7 ± 41
T he  la rge  e rro rs in th e s e  resu lts  reflect th e  s ta tis tic s  a sso c ia te d  
with th e  197 keV nuclear gam m a ray. It is a lso worth noting tha t 
th e  tim e structure  of the  even ts  in the  Com pton free  gap  (two 
pho ton  e v e n ts  from th e  2 S -s ta te ) w as not significantly different 
from th e  tim e struc tu re  of o ther non-2S two photon even ts .
K. PREDICTED FRACTION OF TWO PHOTON DECAYS
An estim ate  of the  population of 2 S -s ta te s  can be ob tained  with 
a  sim ple calculation. The Kp sum  peak  in the  Esum  histogram s for 
both the  40 and 400 Torr da ta  is the result of a  Ka»La c o in c id e n c e . 
T he num ber of th e se  observed  co incidences is a function of d e tec to r 
efficiency deno ted  Eff<KL>, and the fractional yield of both th e  Ka 
an d  La transitions deno ted  h ere  a s  Kt0t/Ka and Ltot/La. With this 
information and th e  know ledge of the  num ber of observed  Ka*La
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co inc idences, Nkl, one  can write an expression for the  num ber of 
m uonic neon  a tom s expected  to  be formed in th e  targe t cham ber
Njineon = N K l  # (Ktot/Ka ) • (Ltot/L a  ) • (Eff<KL>). (4-2)
To determ ine  th e  num ber of 2S  tw o-photon ev en ts  tha t one  would
expect to find in th e  ± 5 keV gap  in the  Ediff h istogram s,
one m ultiplies ex p ress io n  4-2 by the relative population of th e  2 3 -  
sta te , 82s, a s  determ ined from the  singles spectra . O ne also  n e e d s  to
account for the  an g u la r correlation betw een th e  two pho tons of a  2 S 
decay, 3 /4  (1+ C o s2e ), de tec to r efficiency, E f f < y Y > ,  and  th e  fraction 
of the  entire 2  photon spectrum  rep resen ted  in the  ± 5 keV gap, F e d i f f  
c u t - T he final expression  for th e  num ber of 2S s ta te s  predicted to  be 
popu lated  can  be  written
N2S= N kl • Ktot • Ltoi* Eff<vy> • 82s • 3/4 (1+ cos2o ) • F e d i f f  c u t  (4-3)
Ka La Eff<KL>
At 40  Torr of p ressu re  N k l  w as found to contain 7921 ± 89 counts,
The Ktot/Ka and Ltot/La fractional yields w ere determ ined  after a  
le a s t-sq u a re s  fits w ere  perform ed on th e  sing le  d e tec to r energy  
histogram s. The v a lu es  are  found to be Ktot/Ka =1.06 ± .01 and Ltot/La 
= 1 .027 ± .01. T he  ratio of detection efficiencies w as estim ated  by 
taking th e  value of EffcvY5, a t th e  midpoint of th e  two photon 
spectrum , Eyl = Ey2 = 104 keV, so  that Eff<YY>/Eff<KL> = 1.94 ± .09.
The value for 82s 1.8% ± .2% w as taken from th e  calculations in
section  4E , and th e  angular correlation factor e v a lu a te s  to a  fac to r 
of 1.5. T he fraction of th e  two photon spectrum  tha t co rresp o n d s to
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±5 keV  w as estim ated  by fitting a  4th order polynomial to th e  two
photon spectrum  and taking the  ratios of th e  in tegrated  a re a  of ±5
keV region to th a t of the  entire spectrum , ±207 keV. Using th is
m ethod F e d i f f  c u t  w as f ° und to be  equal to approxim ately 3.1% ±
.001% . Combining all of th e se  resu lts one  find that th e  predicted
num ber of 2S two photon d ecay s to be found in th e  ±5 keV gap = 14
±1. Unfortunately, no sing les d a ta  w ere taken at 400 Torr of neon  so  
that e 2s is undeterm ined an d  the  above calculation canno t be
perform ed for th is  p re s su re  condition. T able 4-19 lists the  
o b se rv ed  and predicted num ber of 2S  decays for each  of th e  Ediff 
re g io n s
Table 4-19
N um ber of 2y ev en ts  after Compton background sub trac ted  (40 Torr )
Ediff (keV) % of total 2y 
S pectrum
Predicted O bserved
±12 7.5% ± .1% 33 ± 2 -26 ± 82
±10 6.2% ± .1% 28 ± 2 13 ± 78
±5 3.1% ± .1% 14 ± 1 30 ± 52
With th e  information in Table 4-19 one  can  calcu late  the  two- 
photon d ecay  fraction N2Y, described  in equation 2.18. The two- 
photon d ecay  fraction is sim ply the  ratio of th e  observed  to th e  
p red ic ted  num ber of possib le  2S  type s ta te s . The d ecay  fraction 
a lso  provides an  estim ate  of the  rate  at which m odes other than  the  
two photon decay  m ode depopu la te  the  2 S -s ta te . The decay  ratios
71
predicted from equation  2.23 a re  .974 a t 40 Torr and  .277 a t 400 
Torr. T he actual ratios a re  given below  in table  4-20.
Table 4-20
Ediff(keV) Decay Ratio (40 Torr)
±12 -.8 ± 3
±10 .5 ± 3
±5 2 ±  4
Using th e  th ree  va lues given in table 4-20 and  th e  expression  for 
th e  d e ca y  fraction;
N2y = T2y / T2y + Tall other (4.2)
w here F2y = 2 *109 S e c 1. O ne can  solve equation 4.2 for the  decay  
rate  Tali other of all o ther com peting m o d es p resen t a t 40 Torr. O ne 
finds Tail other * -4.5*109 S e c 1± 17*109 S e c 1, 2*109 S e c 1± 12*109 
S ec-1 an d  -1*109 S e c 1± 2*109 S e c 1, receptively by com parison  the  
d ecay  ra te s  due  to electron refilling w ere  expected  to b e  on the  
order of 101° • P (se e  equation  2.23), which yields to «5.2*108 Sec*1 
at 40  Torr and  5.2* 1 0 1° S e c 1 a t 400 Torr.
CHAPTER 5
CONCLUSION
T he intent of th is experim ent w as to  study th e  conditions under 
which 2S  form ation an d  m etastability  m ight ex ist in neon  g a s  a t 
room tem pera tu re . T he observation of th e  2S-+1S two photon 
transition  would re p re se n t direct ev id en ce  for th e  p re se n c e  of 2S  
m etastability. T he analysis of th e  single photon d a ta  taken  a t  40 
Torr revealed  th a t approxim ately 1.8% of the cap tu red  m uons 
popu late  th e  2 S -s ta te . T he ac tual se a rc h  for tw o photon transitions 
w as carried out in th e  coincident d a ta  taken  at 40 Torr and again  a t 
400  Torr. It w as  conjectured  th a t at th e  higher p re s su re s  electron 
refilling would inhibit th e  m etastability  m ore th an  th a t s e e n  a t  40 
Torr. D em onstrating a  p ressu re  d e p e n d e n c e  would be positive 
ev id en ce  th a t o n e  h ad  actually o b se rv ed  2 S -s ta te  m etastability .
T he analysis of the  two photon d a ta  revealed  that, to within the  
experim ental uncertain ties, both th e  40 and  400 Torr d a ta  s e ts  w ere 
identical with regard  to  the  num ber of observed  2S  type  two photon 
d ecay s . Further analysis of th e  40  Torr coincident d a ta  yielded 
e s tim a te s  for th e  total d e ca y  ra te  of all o ther tran sitions th a t 
com pete  with th e  two photon transitions to d ep le te  th e  2S 
population. T h ese  "other" ra te s  w ere of th e  on th e  order of 109 S ec-1,
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which is consisten t with the predicted ra te s  for Auger and  R uderm an 
transition. This su g g e s ts  that a t 40 Torr (and 400 Torr) there  are  
electrons p resen t when the  m uon reach es the 2S -sta te: This 
conclusion is inconsisten t with ref. 9, w here it w as s ta te d  th a t all 
the K and  L shell electrons w ere stripped during the  c a sc a d e  and 
electron refilling did not take p lace  below 0.5 b a r (500 Torr).
T he lack of observed  two-photon events in th e  experim ent 
su g g e s ts  that m etas tab le  m uonic 2S s ta te s  m ay well exits only for 
Z< 10 in g a se o u s  com pounds a t p ressu res  lower than 40 Torr.
APPENDIX
Table App.-l 
Calibration source data
CO-57 Half-life 2 7 1 .79  days
Photon energy (keV) 
14.41 
122 .06  
136 .47
Emission Prob. (%)  
9 .1 4  
8 5 .6 8  
1 0 .67
Ann-241 Half-life 432.71 years
Photon energy (keV) 
2 6 .345  
5 9 .537
Emission Prob. (%) 
2 .4  
35 .9
Bi-207 Half-life 3 1 .8  years
Photon energy (keV) 
5 69 .70  
1 063 .66
Emission Prob. (%)
9 7 .8
74 .9
Ba-133 Half-life 3 1 .8  years
Photon energy (keV) 
30 .97  
35 .2  
53 .16  
79.61
Emission Prob. (%) 
6 2 .0  
22 .2  
2 .20  
2 .63
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VITA
While th e re  are  many creation m yths surrounding his origins, 
m ost scholars agree th a t  on th e  tw en ty  first o f January, 1965 , in 
Lyons, New York, Bernhard Wilheim Bach was spon taneously  
g en e ra ted  when th e  fa r t from  a March-born c a t blew acro ss a s ta le  
Cheerio th a t  had been bonded to  a linoleum floor with g rape Kool- 
Aid. His paren ts dream s had been answ ered. Raised and educa ted  
benea th  a fever tree , in 1 9 8 7  he g raduated  from th e  University of 
Colorado with a Bachelor’s  degree  in physics. In May 1 9 8 9  he 
en te red  g radua te  school a t th e  College of William and Mary in 
Virginia and im m ediately began thinking of w ays to  g e t back to  
Boulder. He com pleted  th e  requirem ents for a D octor of Philosophy 
deg ree  on June 16, 1995 .
